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ABSTRACT e
2,1?

The purpose of this experiment was to measure the probability
of collision for momentum transfer of slow electrons in a weakly ionized
nitrogen plasma afterglow. The probebility of collision was calculated
in the late afterglow on the basis of a hard sphere model interaction be-
tween electrons and neutrals. The value obtained over the energy range
.0k0 ev to .078 ev is 18.1+ 1.6 (cm Torr)_l. The time taken by the
electron gas to relax from the high temperature of the active discharge
to room temperature and to a Maxwellian distribution is found to be much
longer than that predicted by a consideration of elastic collisions be-
tween electrons and neutrals. As expected, the rate of relaxation to
room temperature and to a Maxwellian distribution is a sharp function
of pressure. The reason for these effects is ascribed to the disturbance

of the afterglow by interactions involving metastable nitrogen particles. (1’ )
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PART I

INTRODUCTION

The purpose of this investigation was to determine experimentally
the probability of collision for momentum transfer of slow electrons in
a nitrogen plasma afterglow. It is hoped that these results will resolve
some of the discrepancy that exists in the measured values of the proba-
bility of collision for electrons in nitrogen in the low energy ra.nge.l
The experimental technique used was novel in that the apparatus has the
ability to monitor electron temperature as a function of time. All pre-
vious measurements were interpreted to have been made after the time
necessary for the electron energy to decrease to room temperature. This
time has generally been estimated on the basis of elastic collisions be-
tween the electrons and neutral particles. Such a time is almost cer-
tainly too low in nitrogen, owing to the presence of an energy source
which acts to increase the energy of the electrons. This source is the
excitation energy of long-lived metastable molecules. Most probably
therefore, some of the results reported by other workers as taking place
at room temperature actuaelly involved higher energy electrons. The micro-
wave radiometer which measures the electron temperature as a function of
time is indispensable for a thorough analysis of an afterglow.

Our objective also requires that we measure the plasma conductivity
as late into the afterglow as possible. The apparatus used for the de-
termination of the plasma conductivity is a microwave interferometer or
bridge. 1In this device the microwave signal is split into two parts.

One part propagates through the arm of the bridge which contains the

plasma and enters the mixing section. The other part enters the mixing



section from the opposite direction. The consequent interference pattern
is detected and displayed on an oscilloscope. The phase shift and
attenuation introduced by the plasma can be measured in this way and

the plasma conductivity can be calculated. The collision frequency is
obtained from the measured conductivity and is related to the probability

of collision through the expression L)m(v) =V B, Pc(v)

where by is the collision frequency for momentum transfer between the
M electrons and neutral particles

v is the electron velocity
P is the pressure normalized to 0%

PC is the probability of collision

The microwave signal is of such a low level that it does not dis-
turb the plasma by heating the electrons. Meaningful measurements were
made from 50 microseconds to 200 microseconds into the afterglow. After
this time the attenuation due to the plasma was too weak to be recorded

although phase shift-data can be taken for a longer period.




PART II

THEORY AND INSTRUMENTATION

A. Microwave Conductivity of a Plasma

The conductivity of a free electron gas in a vacuum is ninety
degrees out of phase with the electric field. This fact implies that
the alternating electric field does not impart energy on the average
to the electron. In a weakly ionized plasma the ordered motion of the
electrons in the electric field is disturbed by collisions with neutral
particles. The plasma conductivity thereby acquires a component which
is in phase with the electric field, indicating an energy transfer
from the electric field to the random motion of the electrons.

Two approaches may be made to the derivation of a formula for
the conductivity. The more rigorous approach is based upon the use of
the Boltzmann equation of kinetic theory. A simpler approach assumes
that all the electrons behave in the same way as an “average" electron
and procedes on the basis of the Langevin equation. We discuss this

latter approach first.

1. The Microwave Conductivity from the Average Electron Theory

The conductivity for the plasma is obtained by setting the total
rate of change of momentum of the average electron in the electric field
direction equal to the rate of change of momentum due to the field, plus
the rate of change of momentum in the field direction produced by colli-

.8
sions .

-e E_ exp jot = Qﬁ%%le + ))m m<v > (1)




where
Eo is the maximum amplitude of the electric field
w is the angular frequency of the electric field
{ v > is the average electron velocity.

It follows that
{v> = -eE  exp Joot/m( ))m + jw)

The current density J 1is given by

ne2 EO exp Jjwt
d=-negv) = (2)
m( V) + Jo)

where n 1is the number density of the electrons. The conductivity o
is a complex quantity which can be split into its real and imaginary parts

and written as

The expressions for o and O, can be obtained from (2) and (3) and are

ne2 L%/w

.
r m w (um/w)2+ 1

and

ne2 1
1 m o (l)m/w)2+ 1

The ratio 0}/0{ is therefore

c
X

c,
1

L2 w

This relation is independent of electron density.




2. The Microwave Conductivity from the Boltzmann Eguation

We will give here an expanded version of the theory due to Phelps
et a.l-l7

The Boltzmann equation for the electrons is given byl‘L

f%%- + a . §;f + V. egf = () (5)
coll
where f is the electron velocity distribution function and
a is the acceleration of the electrons.
The plesma density is assumed to be spatially uniform so that f 1is
independent of the position coordinate and the third term of (5) can be
equated to zero.

We now assume a form for f given by

£=f +f (6)

where fo is the Maxwellian distribution function and

fl is the perturbation term due to the applied fields.

If (6) is substituted into (5) we obtain two terms on the right hand side.
(& fo/at)coll is equal to zero because the Maxwellian distribution is
the equilibrium distribution. (o fl/a t)coll can be written as -fl ))m,
that is, the rate of destruction of the preferred motion of the electrons.
This assumes that the collision frequency for momentum transfer Y, ex-
presses the rate at which electrons lose their preferred motion. z)m is
usually a function of the electron velocity.

If an electromagnetic wave at a microwave frequency is propagating
through the plasma an alternating electric field is present which is given
by

E = B o (1)

so that the acceleration of the electrons a is given by




E_ IOt (8)

8 = -

glo

Inserting (6) in (5) under these conditions we obtain

afl e = Jot =
at " m Eo € : Vv f'o - _fl 1)rn(v) (9)
Now the field induced part of f which is fl will have a time variation
given by e‘]mt so that
EDfl
gr = J o fl (lO)
If we substitute (10) in (9) and solve for f, we obtain
. e 1 = Lot g
£, == SR E e . vao (11)
m
The current density J in a plasma is
<
J = -ne<vy> = -e f fvav (12)
- 00

If equation (6) is substituted into (12) we obtain terms in f, and f.
Now fo is the Maxwellian distribution function which is an even function

[~ =4
of v so that »f. fo v dv is an odd function of v and is therefore
-_—

equal to zero.

The current density thus becomes

[ ]
J=-ef v £ dv (13)
- oo
Substituting (11) into (13) gives
2 Jjwt *
&< - - —
J=-=>E e ) o T L -V, fo dv (1k)
where )J) has been written for L)m.
If we assume that if, the unit vector in the field direction, is directed
along the x-axis, o 1is then the conductivity in the x direction. It is

given by the relation




I ne(vx> 2 hat v 3
S T e T

For a nearly isotropic distribution function the following two re-

lations are easily deduced

of v. &f
[¢] - X Q -(16)
avx v oV

2
v?e = V—3 (17)

Substituting (16) and (17) into (15) we obtain

Ln 2 1 3 el
= -2 € <
o = 3 ‘/¢: T3 v 3v fo dv (18)

The ratio of the real to the imaginary part of the conductivity from

equation (18) gives

3 0
Vv
P2

% ® (19)
= -

This relation is independent of electron density.

As the distribution function fo is Maxwellian, then

3/2 mv
fo(v) =n (ZNmKT) e_]'/2 KT

which can be written in the form




fo(v) =Ae (20)
where
. 2
u is (1/2) mv
w 1is kT
2
A is n(=—=> )3/
2n kT
T 1is the electron temperature,
Substituting (20) into (19) gives
0 ute? exp (—- E)
v w
f — du
w V 2
o ° ) +1
== (21)
R
L du
2
&)+ 1
(-] @D
2 2 .
When @ 2> 3~ equation (21) becomes
)
1.5 u
o /o. o U exp( w) du
= = (22)
i @ 1.5 u
f u exp(- —)du
W
o
The denominator of (22) can be evaluated as follows
® 15 u 2.5 3a/2
f u exp(- ;) du = w L (23)
(o]
Put (23) into (22) to obtain
o) oo
r L f )Y 1.5 u
- =X = = qu exp(— =)du (2k)
o 3nl 2 w2.5 ° w w)




where we bear in mind that L/ is a function of u.

It is known from the theory of linear integral equations, that this
integral can be solved epproximately by a finite polynomial of the first

kind.lo We therefore assume that c}/ci can be expanded in the form

£ ;
. Zaj(wl/z) P (25)

o
J

A1

where and £ are integers. Equation (24) can then be written

@
f ——11‘7-2- % uhe? exp —% du (26)
[ 3,{

(o
SRR
O,
1

This equation is in the form of a laplace transform, if the following

substitutions are ma.de.17
1
W= =
P
o
1
g(p) = - =5 '5.1; (27)
P i
L Y 1.5
f(u) = u (28)
3nl72 w

Equation (26) may now be written

-4

g@ = [ e™a (29)

(<4

Taking the inverse Laplace transform of (29) we obtain

£(u) = LT g(p) (30)

where L_l is an inverse Laplace transform operator. Substitute relations
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(25) and (27) into (30) and obtain

L J
"l . l -5 l
u) = (= —_ p
?) =1 :5: aj{‘p) ‘] 25 Fo
J

which can be written as

2 1
- 1
£u) = Z 85 P b Zi5rs5;
3 P

If 2.5 + .5j is an integer then J 1is an odd number and

2 5+ .5
f(u) = :E: Ji j p

& W5+ 550 Yo
J

Equation (31) can be written as follows

L . u(1.5 + .5
]

Ly Y 1.5
~1/2 v - 3+,
3x 3 (L)1
2
Solving for M(u) we obtain
4
1/2 53
_ 3n u
L (u) = P, m w z (.3+.)!
J 2

In particular let

then a . a
V.3 nl/2 ® [ 1 u1/2 N E? 32 ‘f

n

B2 ]

(31)

(33)




Since u = mv then

N |4~

a 1/2
v = (EE

If u is in electron volts then

u1/2
v o= -8 in units of (eV)l/2
1.69 x 10
and because U = v p_P., (34)
-8
1.69 x 10 -1
P, = ———j%gns———— v (em=Torr)
u P

e}

Substitute equation (33) into (34) to obtain

-8 a a
_1.6%x10° 3 [1 1/2 2 3/2 3 5/2]
P = _12;75_ R AEC b S T T

and
-8 3 [al &2 83 27
= 1. -~ +
P, 1.69 x 10 P ool F o+ Fu s U (35)

%

Therefore if a — versus W curve is plotted and three points whose
i

projections on the w &axis are equally spaced are chosen, al, a2, and a3

can be determined. Pc is then known over this energy range. Note once again
that the assumption of a Maxwellian distribution for the electrons has been

made in this derivation.

3. The Conductivity of a Plasma for Two Special Cases

Two special cases are interesting becuase they are soluble and repre-
sent physically realizable situations. The case of constant mean free path
represents the situation for a billiard ball or hard sphere interaction.
This is an excellent approximation for slow electrons in a plasma after-

15

glow. The case of constant collision frequency agrees with the results

11
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of the average electron theory. It represents molecules repelling each
other with a force varying inversely as the fifth power of the separation

distance. Molecules obeying this law are called Maxwellian molecules.

a. Constant Mean Free Path

Margenaul3 has also derived an expression for the a.c. conductivity
of a plasma starting from the Boltzmann equation. He obtains an expression
for o similar to (18) above. Making the constant mean free path
assumption, the collision frequency )) can be expressed as & function of

velocity by

Y = —— or simply M =
const

v (36) |

i

where I is the mean free path,
so that the integration over velocity space can be carried out (refer to

equation (18)). If, in addition, the symmetric part of the velocity dis-

tribution function is taken to be the Maxwellian distribution then

13

Margenau obtains

|
2 1/2
/ K3/p(x) (37) |

e

c = - L n K.(xy) - § x
3 (2x ka)l;E 2371 1

The functions Ke(xl) and K3/2(xl) can.be expressed in terms of the
1l/2
exponential integral Ei(-xl) and the error function erf [(xl) /.] as

follows

_ _ - 2
Kg(xl) =1 -x x. exp x

1 1 El(-Xl)

1

K3/2(xl) = (% - xl) nl/g + nl/2 xl3/2 exp (xl) [l - erf(xl)l/é]




The two following asymptotic forms for the real and imaginary parts

of the conductivity are given by Oskam.l6

For the case when a)2>> <V >2

b e“n(t <V >2
o) -2 S2E cyShLE (<22 ] @)

w
mw

2 2
o) - - SR e <) ] (39)
<y> 1 (_8&)1/2

T = I — for a Maxwellian distribution.

where < L > =

And for the case when <y >2 > > a)2

_ 8 een(t) 1 N G

T3 Ta <V> [l'§<<—u'7) J (k0)
__ 8 e2n(t) w 8 w |2

°T "3 T a <V>2 [l'n(<v>) e | ()

The ratio of the real to the imaginary components of the conductivity can
be asymptotically obtained to first order in< v > /a) for these two cases

as

o
T _E < V> 2 2
3, ~ -3 T WYL V> (k2)
g

<Y 2
U_r ~ '——03—29 <V>2 > >0 (43)
i

where ~o 1s an asymptotic symbol.
The case of interest to us in the present work fulfills the con-

dition that af »9<)) > -

13




b. Constant Collision Frequency

The conductivity for this case is easily obtained by integrating

SR S 20\ - . ] a9 - . e e ‘e
equation (18) by essuming & Maxwellian velocity distribution.

o - £on(,t) 1 [g_ J.] (1)

mw l"'(U/(D)g [¢8}

The ratio of the real to the imaginary parts of the conductivity yield

~ R & >>p2 (45)

A}

This is the same result as obtained for the average electron conductivity.

B. Cross-Sections and Probability of Collision

The average number of collisions per unit time undergone by an
electron of speed v, with molecules of all other speeds, is called the
collision frequency of an electron of speed v. It is expressed mathematically

by the relation
V. = L(v (46)

where L(v) 1is the mean free path of electrons of speed v &and
L% Is the collision frequency of electrons with molecules

To a good approximation slow electrons in a weakly ionized gas
interact with the molecules in a billiard ball type elastic collision.
Electrons having an energy above the first excitation level of the gas
(vibrational or rotational) will lose their excess energy almost at once
to the neutral atoms by inelastic collisions. Thus in an afterglow the
number of inelastic collisions is negligible with respect to elastic

collisions with molecules in their ground state.

1




Collision frequencies measured by microwave techniques are averaged
over the velocity distribution function of the colliding particles, so

that

<ve>=J praec @)
Now we can write

Y = NvQ (48)

c
where @ is the molecular collision cross-section and
N is the number density of the molecules.

It is therefore possible to write « ))c > as
<P, >=N<v>q (19)

The expression<JJc > =N<v>Q 1is only correct if Q can be considered
constant for all values of the velocity. Another useful approximation is

to consider Q) c & constant over the velocity range of interest. Then

<Y, > = VU (50)

i

This implies @Q %, where a 1is a proportionality constant. We then

obtain
Y =NvQ=Nv2-xa
c - v
or
At
- N

For an elastic collision between an electron and a neutral molecule,
the speed of the molecule is essentially unchanged. The change in momentum

of the electron along its initial path is

A Momentum = I—nm—l_:-:- (1-cos ®)

15



and the fractional change in energy is

A Energy _ 5 I M (1-cos 8) - Au
Energy ¢ \2 u
(m+M)

where © 1is the angle between the incident aend scattered directions of the

electron.

Now Auu = 2—;411 (1-cos ©) ifM>>nm,

If p(e) sin 6 A8 AP is the probability that, due to a collision
the electron will be scattered into the solid angle d % about ©, the mean

fractional energy loss per collision will be

e n 27
(éﬁg = ?-I%‘- [ f (L-cos ©) p(8) sin 6 d6 AP (51)
8] (o]

p(9) Q sin © d6 AP 1is called the differential cross-section for elastic

scattering into the solid angle dfl.lu It is written

I(v,9) sin © do d¢

or

I(e
p(e) = —é—l (52)
and
n 21
Q = f f I(v,8) sin © d6 4P
s} o
Q‘m
The mean fractional energy loss per collision becomes w a
where
2%
Q,m(v) =f f I(v,8) (l-cos ©) sin o de 4P (53)
o Yo

Qm differs from Q only if there is & pronounced concentration of
scattering in either the forward or the backward directions.

If the model of collision is that of hard spheres Q,m = Q and

16




Y, = V,- This interaction denotes I(6) independent of ©. For slow
electrons this is a good approximation in the absence of Ramsauer effects.

Now let us write

Y, < W

where Lm(v) is the mean free path for momentum transfer and

. . - 1
L 1is defined by Lm_. EWS;
Then
v -
v (v) Ly TNV Q (v) (54)

Equation (54) agrees with the previous definition, ) = v p P, if
m Pote

p, P, (v) =N Q (v) (55)

Pc >the momentum transfer collision probabilitx,takes into account the

fact that the effectiveness of collisions in resisting current flow in-

creases as the scattering angle increases.

C. Recombination

In a plasma the fundamental loss processes are diffusion, recombin-
ation, and attachment. This can be expressed mathematically

E:D V2n- ))an - aenn+ (56)

where n 1is the electron density

n is the ion density

D is the ambipolar diffusion coefficient for electrons and ions
Q@ is the recombination coefficient

Y is the attachment coefficient,

a

Attachment takes place only in strongly electronegative gases such as oxygen

17



and can be assumed to be zero in our case. Also diffusion losses are
negligible with respect to recombination for approximately the first 160
microseconds under the experimental conditions encountered here. This

fact has been experimentally demonstrated by Stotz.l8

%% = -gnn+ = -Qn (57)

Now the electron and ion densities are equal so that (57) can be solved

for the electron density as follows
R (58)

where no is the electron concentration at t = 0.

From equation (58) the following result is obtained

dn/dt an (59)

The relative change in the electron density is proportional to the
density. Therefore the relative change in density is greatest in the
more dense regions of the plasma. This effect tends to make the electron
density uniform. The prevalent recombination process in the nitrogen

18

afterglov seems to be

+ *
N, +e - N, + N,

The asterisk denotes an excited atom. This is & two-step dissociative

process .

18




D. Radiation Temperature Measurements

It can be shown that the ratio of the emission
coefficient Eh) to the absorption coefficients Aw equals the blackbody
intensity B(w,T)ll, assuming a Maxwellian distribution of electron velocities.

That is,

P

i = BloT) (60)

Since Rw and Aw are properties of the radiating electrons, equation
(60) should be true whenever the electrons have a Maxwellian distribution.
No other criteria)such as exact thermal equilibriumjneed be imposed.

The radiation at microwave frequencies from plasmas is caused by
individual or collective motions of free electrons. The thermal radiation
originates from the free electrons as they move about in the plasn97
colliding with ions and neutral particles. As a result of an interaction

a photon of frequency  1is either emitted or absorbed. The frequency

of tne photon is given by the Bohr frequency condition.

_ 1 lig_l 12
o= Smov Smv (61)

v" is the final electron velocity in center—of-mass coordinate system

v'! is the initial electron velocity in the center-of-mass coordin-
ate system

B(aE)) the intensity of the radiation field is given everywhere within

the container by the Planck radiation formula (for one polarization).

H © -1
B(w,T) = 22 [exp T " l]

In the Rayleigh Jeans limit for low frequency kT > > h w
the exponential can be expanded in a power series and simplified as follows

2
S = source function = B(w,T) = -2 kT (62)
@ 8:1302

19



Unless the distribution function is Maxwellian T 1is a fictitious temper-
ature and is merely a convenient way of describing the field.5
In this experiment the plasma radiation temperature is related to

the average energy by the equation

Average kinetic energy of the electrons €« uy = g kT

The basic method for measuring electron temperature is a microwave pyrometer
6,19
scheme-’ The advantage of this attack is the determination of electron

temperature without knowledge of the absorptivity of the plasma. Kirchoff's

radiation law may be stated

P o=A B(w,T)

where Pm dwy is the radiation intensity in the frequency range w +to
w + dw, Aw varies from unity for a blackbody to zero for a non-absorbing
body. The radiation from the plasma is compared with a known variable
radiating standard radiating through the plasma to a detector.

The plasma temperature is denoted by Tp and the variable by Ts.
It Am is the absorptivity of the plasma, 1 - Aw is the transmissivity

of the plasma. The power detected is (see Fig. 1).

Py = (l—-Aw) B(w TS) + A B(w Tp) (63)

Without the plasma the radiation observed is

P, = BloT) (6k)

The difference is

b
g
I
g
]
v
i

0= Por - Pop = A, Bl T,) - B 1)) (65)

if

[
H

AP = 0, then ‘I.‘p




Fig. 1.

Variable Black-body
Standard Source

Plasma

\

\Ql Observer

Arrangement for Radiation Measurements
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no matter what the value of Am is. By periodically inserting the plasma

between the standard and the detector, the standard is adjusted until

18

AP =0. If the blackbody radiation term B(w,T) is expressed as
its equivalent temperature, the temperature equivalent of the microwave

pover at point T. is (see Fig. 2)

1

1
Ty =T, 5 *+ T, (1 - =) (66)
P P

T is the room temperature
ab is adjustable

T is a known variable temperature

T is a standard noise source and equals the temperature equiva-
lent of the microwave power of the source.

O@ is the attenuation of the plasma

The relation between %m and a& is the following

A =1-—
w a
w
O& = 1 no attenuation
O& = o perfect absorption

If the temperature equivalent of electrons in a plasma is T and

their attenuation aé’ the power seen by the detector is

1 1
Tp=T, 5+ T(1- ) (67)
e e
. 18
At the point where TR decays through the known temperature Tl
T(L- ) =T (1- &) (68)
R a, a, 1

At this point TR =T = Tl' The sampling time for temperature deter-

mination is adjustable. The experiment is essentially a repetitive one

22
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at 100 cps. The discharge rate is a 100 cps. This frequency gives
sufficient time for the plasma to decay between the discharges.

Figure 3 indicates the microwave circuit for temperature measure-
ment. The circuit consists of an argon discharge tube, e precision
attenuator, a plasma cell and a microwave receiver. The noise standard
is a blackbody at temperature Ts- The precision attenuator is at room
temperature '1‘0 and its known attenuation is ap.

The microwave radiation detector consists of a local oscillator,
8 balanced crystal detector, and a 60 mc I.F. amplifier of 20 M.C. band-
width. The I.F. of the microwave receiver is gated on at 200 cps. at
the time designated ts in Figure 2. The detected signal is the cross-
hatched pulse shown in this figure. The fundamental component of this
pulse train is amplified in a high gain, narrow band 100 cps. amplifier,
and the result detected in a coherent phase detector. The temperature
Tl is adjusted with the precision attenuator until T = Tl' Now the
fundamental component of the pulse train is 200 cps. A pen recorder in-
dicates & null. The temperature sensitivity is + SOOK near room temper-

ature and + 10°K between 600° and 1000°K.

E. Microwave Bridge Measurements

The wave equation for an electric field of sinusoidal time varia-
tion passing through a homogeneous lossy medium is

V2 E= jop(ec r jwe) E

4 1is the permeability of medium

€ 1is the permittivity of medium

In the waveguide the dominant mode is the T ElO mode. Field

variations are of the form e-az, where ¥ is the complex propagation

2k




constant

J 1 2 2
¥y = (E) - W poeo‘l'ja)uoUc (69)

1. Phase Shift and Attenuation

I = a+ B (70)

The real part of the propagation constant a is the attenuation

per unit length, and the imaginary part B is the phase shift/unit length.

Ir lc is the length of the plasma cell, a wave is attenuated by e-a%l
and phase shifted by- Blc. The measured phase shift is the change from

the situation of the cell with plasma to that of an empty cell.

p=8L.s Bl (1)
where,
¢ is the measured change in the phase
BO is phase shift constant with no plasma in the cell
The real and imaginary parts of the conductivity are
= +

o o, +Jo; (72)
YA*R is the propagation constant in air. It is given by the relation
AL

2
7T 2
Y n =J<;) - o u e, (73)

There is no attenuation with air as the medium in the cell. Therefore

yAIR can be written
2
. . 2 )
Vg =3 B, = JJCD by €, - (3 (74)
Solving for ﬁo it is found
2
2 Eid
By = Jw My €, - () (75)
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Substitute relations (70), (71), (72), and (75) into equation (69) and

solve for the real and the imaginary parts of the conductivity

_ 2 _ 8
% . [50 1 ] (76)
2 2
1 |,z 2 V- g, 8o (77)
% = i (a) TWH, €, TG By - 2B, lc+ 12
c

2. The Microwave Interferometer

The microwave circuit is an interferometer. The properties

of the hybrid "t" junction which mixes the two signals e, and e. (see

2 1
Figure 4) are that
et e
2 1
e, = 5 (18)
e, - e
2 1
e, 1is the reference signal = E eIt (80)
e, is the reference signal shifted and attenusted by the
plasma (see Figure 5).
e, = E ¥ ¢ e-JSZ5 (81)
2
A =al, is the total attenuation in the cell (82)

ea and eb are the output electric field ‘intensities in

the output arms of the interferometer.

Substitute relations (80) and (81) into (78) and (79) to obtain

e, = % E %t [e-A e-j¢ + l] (83)
e, = % E et [e_A L. l] (8k)
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The magnitudes of ey and e, are the quantities detected by a crystal

detector. Thus

= B (85)

l ey ' = Eb (86)

Substitute (85) and (86) into (83) and (84) and find

1/2
E -2 [l-&Ee'A cos¢+e'2A]
a 2
87)
1/2 (
Eb=g [l-EeA cos¢+e~2A]
A family of constant attenuation curves ere circles (see Figure 6)
E° + B° - £ (1L+ ™) (88)
a By = 3 ¢
of radius
1/2
R= 2 (1+e2h
2
A family of constant phase shift lines are quartics.
b 2 2 2 2 2 2 2 i 2
E -2 B E"+ 3B =E cos ) (Ea + E ) -E" cos“¢  (89)

The actual calibration is somewhat distorted owing to the nonlinearities
or the crystal detector (see Figure 7).

The microwave has & negligible effect on the plasma distribution
and average energy. The criterion 1s obtained from the energy balance
equation2

o E
d¢u » _ _ r 2
o = ew (<ur -3 = 5 (90)

where
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u is 3 kT
< g" 2 g
Tg is the gas temperature

E 1s the maximum microwave amplitude

The criterion is obtained from the condition

c, §°

Gy, (< u>-<ug>)>>-—x-'-é-!~1— (91)
8 5. 1/2
E << 2.1x10 (w2 R ) volts/meter (92)

E < ¢ 1210 volts/meter in our case

9

o = 9,152 x 10”7 x 21 rad/sec

corresponding to 157 milliwatts for the T ElO mode. The maximum power

passed through the plasma is 5% of the criticel value.

3. Attenustion Meesurements

In the late afterglow the sttenuation is very smasll. The phase
shift however is not negligible and cen be measured with very good accuracy
into the late afterglow by essuming it lies on the O db curve (actually

very close to it). Even though the attenuation 1s very close to zero it
must be measured to make the celculetions since the real part of the con-
ductivity depends on the product ¢f @ and B. To measure the attenuation,
straight attenuation meagurements are made. That is the one arm of the
interferometer with the plasma is used, slnce we only need to measure one
parameter. There is a crystal detector ip this arm placed Jjust after the
plasma cell, 8ince the microwave signal is amplitude modulated by an audio
square wave, there 1s & zero reference signal on the oscilloscope. The

whole pattern cen be conveniently displayed on the 500 mv/cm scale. When
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the plasma is turned on it attenuates the signal. As is seen from Fig-
ure 9 it is necessary to amplify this attenuation. However at higher
gain e Lop pari ol the signal goes off the scale vertically and cannot
be brought down by the vertical position control. To bring the signal
down to be displayed, a small negeative voltage must be added to the sig-
nal. This task can be accomplished by a variable bias box arrangement

as shown in Figure 9. A small negative voltage of correct magnitude can
be impressed upon the signal until it comes into view on the oscilloscope.
As soon as a picture of the attenuation curve has been made a calibration
must be obtained with the plasma off. By this method we are able to use
the 10 mv/cm scale on the oscilloscope and detect .02 db attenuation.
Also see Figure 10.

F. Relaxation Times

The mean decrease in electron energy assuming no microwave heating

is
d<u> _  2m
o c ow (<u>-<Ku >y (93)
The mean free path is approximately independent of the electron
velocity
U>=1- =p P v (%)
Lm o ¢

o1
LT 5 P, (95)
Set
v -V,
€= v_+ VT (96)
V,
_am T
8= W I (97)
m
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vo = electron velocity at t = O
vT = electron velocity at thermal equilibrium
then
gt
e + C
v(t) = v (;g;—t—:) (8)

The time to' for the energy <« u 3» of the electrons to deviate

by less than 10% from the thermal energy of the gas is found from (98)l6
' > L A
t, =9.2x 10° > vo ¥ vy ) + 3.7 } sec (99)

A 1is the molecular weight of nitrogen = 28 in atomic weight units.

If Yo and Vp are expressed in cm/sec and the first term in the brackets

of (99) is neglected then

' 3 Ib A -3 Lm A
t, = 3.4 x 10 TV sec = 4.5 x 10 —1/s (100)
T p'(T )
g
Tg is the gas temperature = 300°K
L is obtained from the relation (95).
1 1 \
L = = P (102)
m ©p P 273 c
o ¢ P!’ T
g
where
2
g
and
p' 1is the pressure of the gas in mm. of Hg.
1
Substitute equation (101) into equation (100), t, 1is then given by
' 1073 A )

° p<—13>Pp<T>
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or

. ksxl73ap 2 )
b, = 5 £ = = x 1073

p'" P, 273 p'“ P,

P, is about 15 (em Torr)_l for nitrogen.

So that
b
'
_5.3x 10
t, = 5 (103)
p
if
Table 1
p' = 5.6, mm ‘ k.2, mm | 2.7, mm ’ 1.75 mn
then
t
to = 17 4 sec 30 W sec 72 1 sec 170 p sec

A time constant for the relaxation to a Maxwellian distribution
can be calculated, since it is the collisions between the molecules of
a gas which cause the distribution function to be Maxwellian. The dis-
tribution function of & gas whose molecules are simply left to collide
among themselves is Maxwellian.

If the gas is disturbed slightly so that fl has some value

1 12
fo then fl will become zero when a collision occurs.
!
Thus fl = fo X (probability a molecule will travel a time t
without suffering a collision)
1
f,=f, x p(t) (104)
where
-L&ﬁ
p(t) = e
Therefore
-Lﬁi
fl = foe

The assumption that preferred motion is destroyed indicates the

use of collision frequency for momentum transfer. We therefore introduce




a relaxation time between such collisions. Thus
1
T s (105)

The collision frequency is of the order of
l)m,vlo8/sec to 109/sec
U'm’"'Ol u sec to .00l p sec

Immediately following the discharge a Maxwellian distribution should be
formed in the absence of source electrons due to metastable heating.
Within the decaying plasma of an afterglow, there are effects which
tend to destroy the Maxwellien distribution of electrons. Electron energy
approaches room temperature at a rate determined by effects which tend

1 Electron

both to increase and decrease the average electron energy.
energy is removed by the elastic recoil collisions between electrons of
mass m &and molecules of mass M, from which the electron loses a part
G = 2m/M of its energy per collision}' Electron~ion recombination prefer-
entially removes low energy electrons and increases average electron-free
energy. Metastable-metastable interactions are a source of high energy
electrons. Metastable-metastable interactions tend to destroy the Max-

wellian distribution. A process that contributes to cooling of the elec-

trons is diffusion cooling.
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PART III

EXPERIMENTAL RESULTS

A. Introduction
The real and imaginary parts of the conductivity were obtained by
use of equation (53) and (54). The data waes compiled on an IBM 1410

computer. The collision frequency was then obtained from the equation

(42)

™ (b2)

where w = 9.153 x 107 cycles/sec x 2x rad/cycle.
Pc was calculated on the basis of a hard sphere model interaction

between electrons and nitrogen molecules, and was given by averaging equation
(34) for constant Pe

p =< L >
c <Lv;rPo
or -8
P = 1.82 x 10 <V 2 ( cm.—Torr)'l (106)
c 1/2
<up Py

< u > is related to the electron radiation temperature by the relation

= 3 p-1% 2
<u?z 2 KT 2 ™ Vrms

is the root mean square speed of the electrons and is given by

1.08 < vy = Voms

The temperature in the laboratory was EOOC. <u » was calculated

over the range .00 - .078 ev. The values obtained for P, agree re-

markably well to those obtained by Phelps et a117 rather than those of

Anderson and GoldsteinB.




It is also revealed that metastable collisions have & marked

effect in determining the velocity distribution in the early afterglow.

B. Electron Temperature Measurements

It is seen from the temperature vs time measurements that the
time to relax within 10% of the room temperature is much longer then
predicted by theory (see Table 1). It is approximatély two orders of magni-
tude longer. The higher the pressure, the faster the relaxation to
equilibrium which is an expected result (see equation (103». A metastable
effect therefore heats the plasma during the afterglow.

Another interesting effect is the slight increase in temperature
in the early afterglow (10 - 20 microseconds). See Figures 18 and 19.
Thus the electron source is raising the temperature by injecting highly
energetic electrons into the afterglow faster than energy is lost by
collisions. It is to be expected that the metastable source of high
energy electrons is of strongest intensity during the early afterglow,
and decays with a characteristic time constant.7 Thus the distribution
function should be maintained strongly non-Maxwellian during the early
afterglow.

As room temperature is approached the electron temperature measure-
ments could only be made within + 5OOK. This fact is illustrated on the

temperature graphs.

C. Probability of Collision

Pc was calculated over the energy .04O - .078 ev. Pc should
experimentally calculate out as a constant throughout this range of energies,
if the electron distribution function does not change with time. This
result should be expected since slow electrons are dealt with. However,

P only approaches a constant as the temperature decays to room temper-

c

ature at a rate depending on pressure. The final constant value is

L1




approached much more rapidly et higher pressures. The characteristic
time to attain a Maxwellian distribution of electrons is therefore the
time it takes PC to adjust to a constant. It can therefore be surmised
that collisions tend to destroy the metastable electron source much more
readily at higher gas densities. For example at 5.6 mm (see Figure 12)
the relaxation to a Maxwellian distribution is less than 45 microseconds.
Approximately 100 u seconds elapses before Pc becomes a constant at

4.2 mn (see Figure 12). At 2.7 mm it takes a 140 microsec before P
reaches a constant (see Figure 13). The plotted points PC obtained

at 2.7 mm and 1.75 mm must be received with caution since the perturbing
effect of metastables is still large. Also at these lower pressures,
diffusion destroys the uniform spatial distribution of electrons across
the waveguide. So far in this discussion electron density has not been
mentioned. Mainly due to the fact it ca&ncels out of the computation.

The electron density is of the order of lOlo electrons/cm3 with this
experimental set up.l8 The neutral density is about 3 x 1016 neutrals/cm
at 1 mm pressure. The neutral density is a factor of 106 greater than
that of the electrons and ions. However the effects of electron-ion
collisions may not be negligible at the lower pressures and the theory
would have to be modified accordingly.

The average value of probability of collision over energy range is
obtained by averaging the experimentally measured values at 4.2 Torr and
5.6 Torr. The value of 18.1 + 1.6 (cm Torr)_l agrees within 15% of that
calculated by Phelps at these energies (see Figure 14).

An attempt was made to find a rigorous expression for PC(V) over
the range .O4S5 to .065 ev using equation (35). Three points were chosen
from Figure 15 from the 4.2 mm curve. It must be remembered that

Luy-= % W.

L2




1 %. <Lu> Time
- — Er energy microsec
Po i ev following discharge
03079 . 0655 35
. 00807k .0533 70
. 004190 .04183 140
Using
o}
1
- _l-_ X (<u>) = a . <u> /2+ a. <u> 3/2 + 8 <u>5/2
P, o& 1 2 3
at the three points in the table the coefficients obtained were
a, = .61k
a, = -39.4
= 660
%3
a a a
_ 1, 2 3 2]
Pc—1292[2+ = u + g ou (107)

P can be calculated from (107) but the numbers vary over too
c
great a magnitude. Thus this is another indication that the distribution
function must be different from Maxwellian at this pressure during the

early aftergiow.

D. Summarx

The feasibility of measuring the probability of collision of slow
electrons over a small energy range by means of a microwave interferometer
and microwave radiometer has been demonstrated. The effect of metastable-
metastable interactions is important during the early afterglow. The
time taken for the plasma electrons to relax to a Maxwellian distribution

varies inversely as the gas pressure. Much more research
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has to be done before the actual metastable-metastable processes are
fully understood. One means for extending the energy range over which
the probability of collision is measured would be to take the data at
various gas temperatures. This task can be accomplished by placing the
plasma cell in an oven during the gxperiment. The value of PC measured
in this experiment was P_ = 18.1 + 1.6 (cm Torr)_l over the energy range

.040 to .078 ev.
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